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Introduction 
 In the Bénard-Marangoni (BM) convective instability, a fluid layer with an upper free surface is submitted to a 
vertical gradient of temperature. The   fluid layer is heated from below and cooled from above and consequently both 
buoyancy and surface tension effects are involved. Beyond the onset of convection, corresponding to a critical value of 
the temperature gradient, polygonal cells are generally formed. The BM convective instability is now widely 
recognized for its practical importance, due to the fact that it is omnipresent in a large variety of processes, such as 
crystal growth experiments, film coating processes, and low gravity fluid experiments. Many studies have been carried 
out to study i) the onset of convection, ii) the pattern formation and dynamics, iii)  the problems of chaos and 
turbulence, etc…[1]. 
For a comprehensive introduction and a review of the works carried out on the surface-tension-driven-Bénard 
convection prior to 2002, the reader is referred to the review of Schatz and Neitzel [2] devoted to experimental studies 
and the book of  Nepomyashchy et al. [3], which dealt with surface tension-driven convection instabilities and 
interfacial phenomena. More recently, other studies were carried out to go deeper into understanding this flow and to 
further investigate the problems listed above [4-7]. Merkt and Bestehorn [4] studied numerically the influence of 
Prandtl and Biot numbers on the wavenumber selection, pattern morphology and the sizes of the different stability 
regions in BM convection occurring in an evaporating fluid. Chiang [5] performed a numerical study, for various 
Prandt and Biot numbers, of the effects of the crispation and a non-linear temperature profile, on the stationary and 
oscillatory instabilities in BM convection with a deformable upper free surface.  
S. Rahal et al. [6] studied, experimentally, the pattern dynamics in Bénard-Marangoni convection, in small and 
medium aspect ratios. The interface deformation fields were visualized by interferometry and temperature fields by 
infrared thermography. They considered the influence of the aspect ratio, Rayleigh, Biot and Prandtl numbers. They 
found that more dynamics are induced by increasing the Biot number and transition to a time-dependent flow has been 
observed. Conversely, increasing the Prandtl number has been found to reduce the dynamics.  
S. Rahal et al. [7] studied, experimentally, the dynamic regimes in Bénard - Marangoni convection for various Prandtl 
and Marangoni numbers in small aspect ratio geometries ( = 2.2 and 2.8). A large range of the Marangoni number 
(from 148 to 3,636) has been considered. Fourier spectra and an auto-correlation function were used to recognize the 
various dynamic regimes. For given values of the Prandtl number and aspect ratio, mono-periodic, bi-periodic and 
chaotic states were successively observed as the Marangoni number was increased. The correlation dimensions of 
strange attractors corresponding to the chaotic regimes were also calculated. 
The simultaneous existence of horizontal and vertical gradients of temperature, which results in an inclined gradient, is 
observed in many applications such as the Czochralski crystal growth technique and the floating zone method [8]. This 
problem has been studied theoretically in [9], they considered thermocapillary water flow with an inclined temperature 
gradient. Using linear stability analysis and non linear simulations, they observed oblique travelling waves. Later, in 
[9], the evolution of the convective regimes has been studied by a numerical simulation of three-dimensional 
governing equations. Hexagonal cells as well quadrangular patterns have been observed. An experimental study of the 
Bénard-Marangoni convection with inclined temperature gradient was carried out in [10]. In this study, the authors 
used a cylindrical container of 50 mm diameter with silicone oil layer thickness ranging from 0.5 mm to 2 mm and 
Prandtl number (Pr = 27.9, 67.0, 111.9 and 206.8) at 25 ° C as working fluids. They found various patterns, such as 
flowing Bénard cells, streak convection, and horizontal circulation.  
A similar study was conducted in [11]. They used an enclosure with (135 mm× 135 mm× d mm) dimensions. d = dl + 
dg, where dl is the thickness of the liquid (silicone oil of Prandtl number (Pr = 102)), and dg is the thickness of the gas 
(air) layer. In this study, the authors have considered a wide range of liquid thicknesses in order to study the influence 
of buoyancy and surface tension effects on the formation and dynamics of convective patterns. Various types of 
patterns were observed such as: hexagonal cells for the thicknesses varying from 0.17 cm to 0.29 cm, and longitudinal 
rolls for liquid thickness varied from 0.3 cm to 0.35 cm.  
This paper is devoted to a 3D numerical simulation of a liquid layer submitted to an inclined gradient of temperature. 
The outline of this paper is the following. The numerical procedure is described in section 2. Some typical results are 
presented in section 3. In section 4, conclusions are given. 
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2. Hydrodynamic Model and Hypothesis 
2.1. Presentation of the studied configuration 
The studied configuration is a rectangular enclosure which contains Silicone oil having the proprieties given 
in table 1. We suppose that the liquid surface is horizontal and the two fluids are immiscible.  The geometric details 
are illustrated in Fig.1: size (135 * 135 * d), d = dl + dg, where dl is the thickness of the liquid (silicone oil, Pr = 
Prandtl number 102 at 25 °C) and dg is the gas (air) layer thickness. The oil layer is heated from below by a conductive 
plate (temperature TH). The liquid layer is cooled from above by a thin air layer (temperature TC (TC < TH). In 
addition, a horizontal gradient of temperature is applied.  
 
 
 
.              
Fig. 1. Schema of the studied problem.  
2.2. Choice of the working fluid (Silicone oil). 
Silicone oils are chosen as working fluids because they have a very low surface tension. Moreover, Silicone oils are 
available in a large range of Prandtl numbers [1]. 
To examine the influence of gravity on the formation of convective patterns, different thicknesses of the Silicone 
oil layer have been considered. As for the Prandtl number, it is equal to Pr = 102. 
 
Table. 1.   The physical properties of the silicone oil at 25 ° C 
 
Properties Value
Density  ȡ =935kg/m3 
Kinematic viscosity  ȣ=1.0*10-5m2s-1 
Dynamic viscosity  ȝ=9.35*10-3 Pas 
Thermal conductivity  k=0.13 Wm-1°K-1 
Heat capacity  Cp=1430 J kg-1°K-1 
Thermal diffusivity  Ȥ=9.77*10-8m2s-1 
Prandtl number Pr Pr=102 
Surface tension  ı=20.1 mNm-1 
dV /dT 6.8*10-5mNm-1°K-1 
Thermal expansion coefficient ȕ=1.08*10-3K-1
In Bénard Marangoni instability, two types of forces are involved, the first one is the gravity force and the 
second one is the thermocapillary force, which is induced by the thermocapillary variation of the surface tension with 
temperature.  
The dimensionless numbers governing these two forces are respectively the Rayleigh number and the 
Marangoni number: 
FQ
E
.
3dTgRa V' 
                                            KF
V dTMa V' '
 
In order to give more information concerning the convective flow inside the enclosure, the dynamic Bond 
number has been considered. The dynamic Bond number (Bd) is defined as, 
Ma
RaBd  . 
 As for the important effect of the geometry and the proprieties of the fluids, the following dimensionless 
numbers are used :  
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Aspect ratio: 
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2.3. Mathematical and Numerical Methods  
The governing equations are the following equations: 
Continuity:   0 ' V
dt
d UU                                                                                                        (1)
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In our study, the flow has been considered as laminar and the free surface considered flat. The Boussinesq 
approximation has also been assumed. In order to resolve the previous equations, the FLUENT-CFD code has been 
used. The schema used for the discretization of the momentum and heat equations is a second-order upstream schema 
(Second Order Upwind). To resolve the pressure/velocity coupling problem, the SIMPLE algorithm has been used 
[12].  
Figure 2 illustrates the mesh generated using Gambit. The mesh is composed of parallelepipeds and uniform 
elements. The influence of the mesh size has also been considered. For that purpose, meshes with 0.5, 1 or 3 millions 
elements have been considered. The selected grid contains 1million elements with which numerical simulations have 
been carried out.  
 
 
                                                                                                        
Fig. 2 Mesh generated using Gambit. 
Results and Discussion 
Some typical results, obtained using our numerical simulation procedure, which has been described above, are 
shown below. The figures 3 show the isotherms for the case of a silicone oil layer thickness = 1.7 mm, for various 
applied temperature gradients (horizontal, vertical or inclined gradients). The shown numerical results correspond to 
the following dimensionless numbers: aspect ratio * = 79.41, Mav = 733.97, Ra = 106.92, Bond dynamic number 
Bodyn = 0.42 and the number of Biot  equal to 0.079. In fig. 3 (a) corresponding to the horizontal gradient of 
temperature without the vertical one, there is no convective pattern. However, in figures 3 (b) and (c) corresponding 
respectively to an applied vertical gradient and an inclined one,  Bénard-Marangoni convective patterns are observed.    
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Fig.3(a). Contour of temperatures for a thickness d = 1.7 mm 
(horizontal gradient of temperature). 
Fig.3(b).  Contour of temperatures for a thickness d = 1.7 mm 
(vertical gradient of temperature). 
 
 
Fig.3(c). Contour of temperatures for a thickness d = 1.7mm. 
 (inclined gradient of temperature). 
 
In Fig.4, the temperature field, corresponding to a thickness d = 2.5 mm (aspect ratio * = 54), is shown. 
The other parameters are:  Ma =1079.37, Ra = 982,757 and Bond number equal to 0.91. It can be noticed 
that the number of cells decreases with the increase of the thickness from 1.7 mm to 2.5 mm. The 
temperature contours presented in fig.5 corresponds to the thickness d = 2.9 mm (aspect ratio * = 46.55). 
The other parameters are : Mav = 1252.07, Ra= 1533.98, Bond dynamic number (Bodyn)=1225 and the 
number of Biot  equal to 0.187. It can be noticed that the sizes of the cells are larger compared to those 
observed for d = 2.5 or 1.7 mm. 
 
 
  
Fig .4: Contour of temperatures for a thickness d = 2.5 mm. Fig .5: Contour of temperatures for a thicknes d = 2.9 mm. 
 
The fig.6 (a) shows the isotherms for the case where the thickness is d = 3.2 mm (aspect ratio * = 42.19). The 
other dimensionless numbers are:  Mav = 1381.59, Ra = 2060.99, dynamic Bond number = 1.49 and number of Biot 
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equal to = 0. 228. The patterns observed for the conditions mentioned above are composed of longitudinal rolls along 
the direction of the applied horizontal temperature gradient. Such pattern has also been observed experimentally by 
Mizev et al [8] who found that such structures appear between the drifting cells (DCs) and the surface drifting cells 
(SDCs). This structure which has been named stationary longitudinal rolls (LRs), has been observed for a thickness 
varied from 3 mm to 3.5 mm.  In fig. 6(b), an example of a temperature profile is presented. The observed 
temperatures are within the 300 to 303 K range. 
 
   
Fig.6(a) Contour of temperatures for a thickness d=3.2mm  Fig 6 (b)  Longitudinal temperature variation profile in liquid layer. 
4. Conclusion 
In this paper numerical simulations of a horizontal liquid layer, submitted to various gradients of temperature, have 
been carried out. In order to study the influence of buoyancy and surface tension effects, the influence of the liquid 
layer thickness on the convective patterns, has also been considered. The numerical results obtained, using our 
numerical simulation procedure, were found to be in fair agreement with the experimental ones of other authors. The 
most important obtained results can be summarized as follows: 
- Appling the vertical temperature gradient induces the BM structures to appear, 
- Liquid layer thickness has an important effect on the type of observed patterns , 
- Morphology of patterns is changed completely from hexagonal cells to stationary longitudinal rolls (LRs) for a 
specific value of the liquid layer thickness. 
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